1. Introduction {#sec1}
===============

Mineral oils are intricate admixtures of hydrocarbons consisting of saturated hydrocarbons (MOSH) and aromatic hydrocarbons (MOAH), mainly alkylated like toluene,^[@ref1]^ which are known as paraffin liquid or white oils.^[@ref2]−[@ref4]^ Paraffin liquid (white oils) is widely required for variety of use in industries,^[@ref5]^ cosmetics,^[@ref4]^ and food or drugs products^[@ref1],[@ref6],[@ref7]^ on the basis of different properties and the level of purity. Aromatic compounds are totally undesirable constituents of paraffin liquid due to deleterious effects on product performance and their mutagenicity or potential skin-carcinogenicity,^[@ref6],[@ref8],[@ref9]^ which must meet very severe criteria in terms of residuary levels. However, these hazardous substances can easily be involved up to 30% and even to 50%, limiting wider application of paraffin liquid.^[@ref10]^ Significantly, there is an urgent need to exploit an efficient, economical, and environmentally friendly method to remove aromatic hydrocarbons from paraffin liquid.

With respect to the way of the separation of aromatic hydrocarbons from paraffin liquid for now, there are two main methods, that is, a sulfonated method or catalytic hydrogenation.^[@ref4],[@ref6],[@ref11]−[@ref13]^ The first mentioned is a treatment with sulfuric acid (oleum) or sulfur trioxide, which has low efficiency and serious effects on the environment. The other method refines by hydrogen with a catalyst at high temperature and pressure to obtain a saturated hydrocarbon, which undertakes the high equipment cost and the risk of working in a flammable and explosive gas production environment.

Meanwhile, the adsorption method has been widely applied to the gas or liquid phase for the past several years^[@ref14]−[@ref17]^ and common adsorbents include molecular sieves,^[@ref18]^ silica gel,^[@ref19],[@ref20]^ Al~2~O~3~,^[@ref21]^ metal--organic frameworks (MOFs),^[@ref22],[@ref23]^ and porous carbon materials.^[@ref24]−[@ref26]^ Recently, porous carbon materials have drawn increasing attention on a multitude of applications because they endow high porosity and excellent mechanical/chemical stability and can be prepared relatively economically.^[@ref27]−[@ref30]^ Luna et al.^[@ref31]^ evaluated the adsorption behavior of commercial activated carbons on polyaromatic hydrocarbons (PAHs) from heavy naphthenic oils (8 wt %), which reported adsorption capacities of more than 160 mg/g for PAHs. Multiwalled carbon nanotubes with KOH activation, removing toluene from aqueous solutions, were synthesized by Yu et al.^[@ref32]^ Kinetic data was well matched to the pseudo-second-order model in their work. They also investigated the effects of different oxygen contents of porous carbons on toluene adsorption in another research,^[@ref33]^ which demonstrated the evidence of maximum adsorption capacities first increasing then decreasing. The results indicated that the most outstanding group was that of a 3.2% oxygen content, and N-doped porous carbons were also proven to be beneficial for adsorption in both gas and liquid phases in previous research.^[@ref27],[@ref34]^

In this study, toluene, as a typical pollution in paraffin liquid, was captured by an efficient adsorbent. Polypyrrole (PPy) is an environmentally benign polymer with high nitrogen content. ZnCl~2~ is cheap and often applied as an activation agent, which is explored little on the mechanism. As a result, the polypyrrole-based porous carbons (PPCs), synthesized by different doses of the ZnCl~2~ activation agent and the carbonization temperature, were prepared and characterized. Consequently, the adsorbent with three times of a mass activation agent to polypyrrole at 600 °C (PPC-3-600) was verified as the most suitable one for toluene adsorption. PPC-3-600 showed superior toluene adsorption of 2817.19 mg/g from paraffin liquid (*C*~0~ = 6 g/L) at 318 K with a high surface area and micropore area of 1258 and 1105 m^2^/g, respectively. Additionally, the adsorption activity including adsorption isotherms, adsorption kinetics, and thermodynamic research were evaluated as well as the ZnCl~2~ activation mechanism.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization {#sec2.1}
---------------------

### 2.1.1. SEM and TEM Analysis {#sec2.1.1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf) illustrate the structure and morphology of the products. The skeleton of samples is constructed with abundant sphere-like particles of 200--400 nm in diameter with regular shapes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Closer inspection of the figures shows that the stacking of the balls produces plenty of gaps, which forms pore channel structures and increases the specific surface areas with ZnCl~2~ activation. On the contrary, it is obvious that spheres without activation compact each other closely, and limited gaps or a pore channel was produced ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf)), fitting well to the following BET analysis. The crack-free surface suggests that the PPC is thermally and morphologically stable with ZnCl~2~ and the calcination activation process. Besides, the TEM images of the PPC also indicate a sphere-like morphology. The HR-TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) graphic uncovers a disordered or amorphous structure of the PPC, which may arise from the π--π interaction of partial polypyrrole chains being alike in that of aromatic groups.^[@ref35]^ Also, it is obvious from the HR-TEM image that plenty of micropores are homogeneous on the PPC surface, which may derive from the pyrolysis of PPy within the calcination process.^[@ref36]^

![SEM (a--c) and HRTEM (d) images of PPC-3-600.](ao0c00461_0001){#fig1}

### 2.1.2. XRD and Raman Analysis {#sec2.1.2}

XRD in the wide-angle region ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) was measured to further investigate the crystal structure of carbonization materials. The most relevant characteristic peaks at 2θ = 24.3 and 44° can be ascribed to the (002) and (101) planes of hexagonal carbon, respectively.^[@ref37]^ The weak and broad intensity peaks indicate that the carbonization samples are predominantly amorphous and possess low degrees of graphitization, fitting well to the TEM observation, which is quite reasonable because N-doped carbon materials induce defect sites and destroy the carbon lattice, and graphene fragments and heterogeneous defects are generated on carbon materials after the activation process as a result.^[@ref38],[@ref39]^ The Raman spectra can further demonstrate that two typical peaks locate at 1339 and 1565 cm^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) in accordance with the D band and G band, respectively. The D band reflects the vacancies and impurities of a hexagonal symmetry in the carbon structure, which is assigned to disordered sp^2^-hybidized carbon, fitting well with the next XPS. The G band indicates the graphitic structure relating to the 2*E*~2*g*~ mode of a two-dimensional network structure. The extent of carbon-containing defects can be revealed by the intensity ratio of the D and G band from previous research (*R* = *I*~D~/*I*~G~).^[@ref28]^ The *R* value of PPC-3-500/600/700 is 1.11, 1.29, and 1.36, respectively, which means more defect sites produced with the temperature increasing.

![(a) XRD patterns and (b) Raman spectrum of PPC-3-500, PPC-3-600, and PPC-3-700.](ao0c00461_0003){#fig2}

### 2.1.3. FTIR Analysis {#sec2.1.3}

A series of samples are depicted on an FTIR spectra in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In detail, the bands at 1285 cm^--1^ is attributed to C--N stretching vibration of PPy.^[@ref40]^ It is apparent that the sharp peak at 1626 cm^--1^ should be assigned to the fundamental vibrations of the PPy ring or C=O, which is consistent with the results in a previous report.^[@ref41],[@ref42]^ Furthermore, the bands appearing at 3450 and 3720 cm^--1^ can be ascribed to N--H and O--H stretching vibrations, respectively,^[@ref27]^ wherein a possible explanation for O--H might be adsorbed moisture or residual hydroxy groups of oxidizing reactions. These functional groups would be deeper analyzed and testified in following XPS. The results significantly suggest that all the samples contain abundant nitrogen and oxygen functional groups, which increase much the active sites in the surface^[@ref43]^ and further improve the surface properties for adsorption. Moreover, the rising of carbonization temperature and increasing of the ZnCl~2~ ratio would not destroy these functional groups as a consequence of all the samples having similar peaks in the spectra. Taken together, strong evidence is found in that the samples have a rich surface chemical property for adsorption.

![FTIR spectra for PPC-3-500, PPC-0-600, PPC-3-600, and PPC-3-700.](ao0c00461_0004){#fig3}

### 2.1.4. Pore Structure Analysis {#sec2.1.4}

The effect of the ZnCl~2~ dosage and carbonization temperature on product structure can be explored via N~2~ ad-/desorption techniques. The isotherms ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) exhibit a sharp N~2~ adsorption increment at a relative pressure of 0--0.1 and then feature a long adsorption plateau without a hysteresis loop ranging from 0.1 to 1.0, indicating the type I(a) shape of the Langmuir isotherm according to the IUPAC classification. These results suggest that the PPC series are porous materials with plenty of narrow micropores,^[@ref44]^ which is also in accordance with TEM analysis. The NLDFT model and the micropore size distribution (HK method) are calculated and shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf) and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, respectively, which are in good agreement. Moreover, the pore structure depends on the ZnCl~2~ dosage terrifically. The samples without activation shows a poor SSA of 11 m^2^/g at 600 °C and a PPC-1-600 increase to 568 m^2^/g. PPC-3-600 concentrates on a small size of 0.3762 nm but possesses the highest micropore area of 1105 m^2^/g. Besides, the percentage of micropore volume can be up to 86.26% ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Similar outstanding properties of a 3:1 ratio with ZnCl~2~ activating porous carbons were also obtained in the other results.^[@ref45],[@ref46]^ As the ratio increases to 4:1, the surface area, total pore volume, and percentage of micropore volume progressively decrease as opposed to the micropore size enlarging to 0.6046 nm, which might be ascribed to superfluous activation agents for pore formation resulting in pore coalescence.^[@ref47]^

![(a) N~2~ adsorption/desorption isotherms at 77 K (the solid is adsorption, and the hollow is desorption) and (b) micropore size distribution.](ao0c00461_0005){#fig4}

###### Textural Parameters of PPC

  samples     BET surface area (m^2^/g)   micropore area (m^2^/g)   HK most probable aperture (nm)   total pore volume (cm^3^/g)   micropore volume (cm^3^/g)   percentage of micropore volume (%)
  ----------- --------------------------- ------------------------- -------------------------------- ----------------------------- ---------------------------- ------------------------------------
  PPC-3-500   548                         484                       0.6108                           0.294                         0.2377                       80.85
  PPC-0-600   11                                                    0.9954                           0.041                         0.0039                        
  PPC-1-600   569                         497                       0.3597                           0.295                         0.2485                       84.24
  PPC-3-600   1258                        1105                      0.3762                           0.629                         0.5426                       86.26
  PPC-4-600   1055                        891                       0.6046                           0.536                         0.4496                       83.88
  PPC-3-700   1040                        857                       0.6039                           0.540                         0.4458                       82.56

In terms of the carbonization temperature, it seems similar to the effect of ZnCl~2~ dosage. PPC-3-500 obtains a low SSA of 548 m^2^/g and total pore volume of 0.295 cm^3^/g owing to pyrolysis reactions just commencing and the insufficiency heat provided at this calcination temperature for volatilization and pore channel development. Nevertheless, the quantity of heat is more adequate with the temperature up to 600 °C so that the pyrolysis reactions are carried out completely and most volatile matter and gas are released gradually, thus causing the growth of more pores and getting a high SSA and total pore volume of 1258 m^2^/g and 0.629 cm^3^/g, respectively. However, the pore properties reduce again with a temperature increment to 700 °C, which may be on account of the sintering effect followed by shrinkage and realignment of the carbon as well as lessened pore volume.^[@ref48]^

### 2.1.5. XPS Analysis {#sec2.1.5}

XPS investigation was performed on representative samples and carried out to obtain more detailed information of surface functional components, chemical composition, and atomic percentages. Carbon peaks (C 1s) at 284.8 eV, nitrogen peaks (N 1s) at 400.1 eV, and oxygen peaks (O 1s) at 532 eV for PPC-3-500, PPC-3-600, and PPC-3-700 °C can be seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The high-resolution C 1s photoelectron spectra ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) include four common signals, which can be ascribed to the aromatic carbon/C--C, C--O/C--N, C=O, and O--C=O/C=N bonding.^[@ref29],[@ref38],[@ref44]^ The lowest energy contribution at ∼284.7 eV is attributed to graphitic sites of the amorphous carbon, which is consistent with XRD, and the contribution at ∼285.5 eV is attributed as the sp^2^ C bonded to N in the aromatic structure. The peak at ∼286.3 eV is ascribed to the sp^3^-hybridized C, but the highest energy (∼288. 9 eV) is ascribed to the sp^2^-hybridized C in the aromatic ring attached to nitrogen functional groups.^[@ref49],[@ref50]^ In addition, the carbon content increases with the temperature ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c compares the N 1s intercorrelations among the three patterns of the PPC. According to their different environments, these signals can be deconvoluted into four component peaks located at ∼398.5, ∼399.7, ∼400.3, and ∼401.1 eV, which are attributed to pyridinic (N-6), amine/amide/imine, pyrrolic/pyridonic (N-5), and quaternary nitrogen (N-Q), respectively.^[@ref51],[@ref52]^ What stands out in the figure is that the intensity of the N-5 and amine/amide/imine peak grows much weaker and its proportion is clearly less; nevertheless, the peaks of N-6 and N-Q rise a lot. The steadier N-6 and N-Q suggest the continuous development of pyridinic nitrogen, such as via transformation of pyridone and imine to pyridine.^[@ref52]^ Although the amount of N atoms decreases ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), the abundant N species (N-6 and N-Q) could supply enough active sites.^[@ref39]^ The results of high-resolution O 1s spectra are depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d, which clearly reveals the existence of several oxygen-based groups including carboxyl or carbonyl groups (C=O), epoxy, hydroxyl, or carboxyl groups (−O--/--OH), and carboxyl groups (−COOH).^[@ref51],[@ref53]^ Interestingly, increasing the temperature to 700 °C leads to a loss of −O--/--OH and even disappearance of −COOH peaks while an apparent growth on C=O. An implication of this is the possibility that −COOH or −O--/--OH is converted to C=O with thermal treatment. Nevertheless, temperature causes a total O atomic reduction from 8.86 to 6.46% ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![(a) XPS survey spectra, (b) C 1s, (c) N 1s, and (d) O 1s high-resolution photoelectron spectra of PPC-3-500, PPC-3-600, and PPC-3-700.](ao0c00461_0006){#fig5}

###### Chemical Composition from XPS Data

  samples     C (atomic %)   N (atomic %)   O (atomic %)
  ----------- -------------- -------------- --------------
  PPC-3-500   82.32          8.82           8.86
  PPC-3-600   84.41          7.02           8.57
  PPC-3-700   86.54          7.00           6.46

### 2.1.6. Analysis of Thermal Characteristic {#sec2.1.6}

TGA was conducted to evaluate the thermal stability of PPy with ZnCl~2~. It mirrors the evidence that ZnCl~2~ activation occurs in three main stages in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The first small amount of region descent, accorded with the small peak in the DTG curve, is attributed to the evaporation of adsorbed moisture.^[@ref54]^ Then, a slow weight loss with a broad temperature between 100 and 350 °C should correspond to the pyrolysis of organic matter and carboxylic or hydroxyl groups.^[@ref33]^ Finally, a sharp drop with the temperature changing from 350 to 600 °C is assigned to the decomposition of carbon in the PPC. From this time onward, the basic structure of carbon is steadily formed and enters into aromatization.

![TG and DTG thermograms of PPy at a 3:1 impregnation ratio of ZnCl~2~.](ao0c00461_0007){#fig6}

2.2. Adsorption of Toluene and Activation Mechanism {#sec2.2}
---------------------------------------------------

### 2.2.1. Toluene Adsorption Performance {#sec2.2.1}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} exhibits the adsorption performance of different PPC-A-B (A = 1, 2, 3, 4; B = 500, 600, 700 °C) materials for toluene from paraffin liquid solution. The adsorption capacity is significantly enhanced as the BET surface area and total pore volume increases ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which indicates that the adsorbability of the PPC could get a close correlation of the pore properties. Meanwhile, the micropore area takes the main part of all the samples so it is reasonable to speculate that the micropores play a crucial part in toluene adsorption, suiting the former results of researchers.^[@ref31],[@ref33]^ The best performance for each temperature is 822.84, 2817.19, and 1855.03 mg/g with triple ZnCl~2~. Therefore, it is PPC-3-600 with the highest micropore area of 1105 m^2^/g and appropriate pore properties (micropore size and volume of 0.3762 nm and 0.5426 cm^3^/g, respectively) that displays the most outstanding performance for toluene adsorption, which is chosen for further investigation.

![Comparison of adsorption capacity on toluene with different PPCs (20 mg adsorbent, *C*~0~ = 6 g/L, 318 K).](ao0c00461_0008){#fig7}

### 2.2.2. Adsorption Isotherm {#sec2.2.2}

Various adsorption models have been used to match toluene adsorption on PPC-3-600. The Langmuir model assumes that the surface properties of the adsorbent were homogeneous and only monolayer adsorption could occur on the surface of the adsorbent. The isotherms can hardly fit with the Langmuir model, so its image is not shown here. The Freundlich isotherm model is non-linear and hypothesizes heterogeneous surfaces, limited sorption sites, and variable potential energy interactions.^[@ref55]^ The adsorption isotherms of toluene at 298, 308, and 318 K are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a following the linearized Freundlich model (Supporting Information, [eq S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf)). The results of calculation parameters are shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf) with all regression coefficients (*R*^[@ref2]^) more than 0.984. Freundlich supposed that the adsorption capacity increased with the adsorbate concentration.^[@ref56]^ Notionally, an infinite amount of adsorption can be obtained.

![(a) Freundlich model and (b) D-R model of toluene adsorption onto the PPC-3-600.](ao0c00461_0009){#fig8}

To strengthen the understanding of the adsorption mechanism, the Dubinin--Radusckevich (D-R) model (Supporting Information, [eqs S2--S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf)) was applied to estimate the nature of toluene adsorption (physical or chemical) in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, which could describe adsorption on both homogeneous and heterogeneous surfaces.^[@ref57]^ Generally, the adsorption energy (*E*) is greater than 8 kJ/mol, revealing chemical adsorption, and a value under 8 kJ/mol demonstrates physical adsorption.^[@ref58]^ The *E* value of the toluene adsorption on PPC-3-600 is 615.98, 742.70, and 606.22 kJ/mol at 298, 308, and 313 K ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf)), respectively, disclosing that the behavior covers chemical adsorption.

### 2.2.3. Adsorption Kinetics {#sec2.2.3}

Various adsorption kinetic models can address crucial information about the interaction mechanism of toluene on PPC-3-600. The contact time of toluene adsorption was studied at initial concentrations of 6, 7, and 8 g/L. As it can be seen in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, all the shapes of kinetics curves are similar and composed of a fast initial adsorption followed by a slow diffusion closing to a flat. Thus, the optimum balance time is 20, 24, and 30 h for initial toluene concentrations of 6, 7, and 8 g/L, respectively. The rapid adsorption process at the beginning can be traced to the access of abundant vacant sites for adsorption, and the gradual decline rate might be attributed to the pore diffusion resistance of toluene into PPC-3-600.^[@ref58]^

![(a) Effect of contact time on the toluene adsorption to the PPC-3-600. (b) Linearly fitted curves of pseudo-first-order, (c) pseudo-second-order, and (d) intra-particle diffusion model for toluene adsorption on PPC-3-600 at 318 K. (*C*~0~ = 6, 7, 8 g/L)](ao0c00461_0010){#fig9}

Herein, pseudo-first-order, pseudo-second-order, and intraparticle diffusion models (Supporting Information, [eq S5--S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf)) were applied to investigate the adsorption behavior. The applicability and kinetic parameters are presented in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b--d and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf). The *R*^2^ reveals that the pseudo-second-order (\>0.991), an indication of a chemisorption mechanism,^[@ref47]^ is more successful to fit the adsorption process than the pseudo-first-order model (\>0.956). The intraparticle diffusion model elucidates that the capture of toluene by PPC-3-600 involved three steps. The first is ascribed as the diffusion of toluene to the PPC-3-600 surface, which is the rapidest process. The second linear step is the intraparticle diffusion, namely, the diffusion of toluene from the PPC-3-600 surface to the inside pores, and the last stage is deemed to diffusion into inner micropores wherein the particle diffusion shifts further slow down and reach final equilibrium.^[@ref47],[@ref58]^

### 2.2.4. Thermodynamic Research {#sec2.2.4}

The adsorption thermodynamic parameters disclose deep information on internal energetic changes. As shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf), it can be sure that the maximum adsorption quantity increases with the temperature (298--318 K), which specifies an endothermic reaction of the adsorption process for toluene on PPC. The thermodynamic parameters including Gibbs free energy (Δ*G*^0^), enthalpy (Δ*H*^0^), and entropy (Δ*S*^0^) are determined bywhere *K*~0~ is the thermodynamic constant. In [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf), the plus value of Δ*H*^0^ certifies the adsorption to be an endothermic process. The plus Δ*S*^0^ value is derived from the enhancive randomness on the solid--liquid interphase on account of toluene adsorption. The minus Δ*G*^0^ elucidates the spontaneous process in nature.^[@ref19]^ Furthermore, the greater absolute value of Δ*G*^0^ with temperature explains that the rising temperature can increase the spontaneity of adsorption.

### 2.2.5. Activation Mechanism {#sec2.2.5}

ZnCl~2~ is often used as a chemical activating agent.^[@ref45],[@ref47],[@ref59],[@ref60]^ Although a chemical activation method is used widely to synthesis porous carbons, the mechanism is not very clear. First, ZnCl~2~ has a low melting point of 283--293 °C allowing better contact with the carbon surface above a 500 °C activation temperature. Meanwhile, the Zn^2+^ radius of 74 pm is less than that of common metal salt ions such as Na^+^ (102 pm), K^+^ (138 pm), and Ca^2+^ (100 pm), which can contribute to the PPC-A-B to obtain micropores from 0.3597 to 0.6108 nm. In addition, ZnCl~2~ is normally regarded as a dehydrant.^[@ref45],[@ref61]^ On the one hand, it reacts with water to form hydroxy dichlorozincic acid (ZnCl~2~ + H~2~O → H\[ZnCl~2~(OH)\]) when the concentration of zinc chloride is high. The acid is corrosive and play an etching effect on PPy to clean the impurity and form a channel structure. On the other hand, ZnCl~2~ mixed with PPy might not volatilize as the temperature increases and, on the contrary, would cause some ZnCl~2~ or ZnO (ZnCl~2~ + −OH → ZnO + HCl) to remain in the pore structure, which can change the pyrolysis behavior of the carbon and obtain lower tar.^[@ref59]^ At the same time, the yield of carbon is much higher as a consequence of ZnCl~2~ inducing plenty of H and O atoms in the carbon precursor to be removed as H~2~O rather than developing in hydrocarbons or oxygenated organic matter.^[@ref60]^ It can be concluded from TG/DTG curves ([Figure [6](#fig6){ref-type="fig"})](#fig6){ref-type="fig"} and other characterizations that the PPy materials have been fully changed and optimized as well as surface properties with both ZnCl~2~ and temperature activation under 620 °C. Moreover, the rest of the cavities would offer additional porosity in the internal structure once ZnCl~2~/ZnO is removed by acid washing as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. It can be true that the carbon framework aromatization with a more prominent pore structure was formed for PPC-A-600 compared to PPC-A-500. However, ZnCl~2~ is impeded as the activation reagent, and the pore properties diminish owing to the heat shrinkage as temperature rises up to 700 °C, which is a possible explanation for the pore structure of PPC-A-700.

![Diagram of activation mechanism of ZnCl~2~ for PPC preparation.](ao0c00461_0002){#fig10}

3. Conclusions {#sec3}
==============

The intention of the current work is to determine the adsorption properties and behavior of porous carbons based on polypyrrole for toluene from paraffin liquid. In a word, the PPC is prepared successfully and characterized using several methods. Comprehensive studies including isotherms, kinetic, thermodynamic studies, and activation mechanisms are conducted on its adsorption for toluene. The most prominent finding to appear on this work is that activation temperature and ZnCl~2~ dosage have a significant effect on adsorption capacity, that is, increasing first then reducing. The results indicate that PPC-3-600 obtains superior behavior for toluene adsorption of 2817.19 mg/g from paraffin liquid (*C*~0~ = 6 g/L) at 318 K. Simultaneously, the surface area is as high as 1258 m^2^/g, and one unanticipated finding is that the percentage of micropore volume of PPC-3-600 can attain 86.26%. In addition, the PPC owns rich functional groups in FRIR and XPS analysis, which may facilitate the adsorption. The toluene adsorption isotherm onto the PPC-3-600 is well fitted by Freundlich models, which indicate heterogeneous surfaces of adsorbents. The kinetics study suggests that the pseudo-second-order equation provides an outstanding match, indicating a chemisorption mechanism. Moreover, various thermodynamic parameters such as Δ*G*^0^, Δ*H*^0^, and Δ*S*^0^ are calculated, showing adsorption to be endothermic and spontaneous in the nature of the process. In conclusion, this work has stated toluene adsorption on PPC from paraffin liquid with an inexpensive and simple synthesized method to quantity production, peculiar use for sustainable base oils, and toluene pollutant adsorption.

4. Materials and Methods {#sec4}
========================

4.1. Synthesis of Materials {#sec4.1}
---------------------------

All reaction reagents were obtained from Shanghai Sinopharm Chemical Reagent Co., Ltd. of China. The PPC synthesis consisted of two typical steps. First of all, polypyrrole (PPy) was synthesized by a modified oxidative method.^[@ref27]^ Typically, 3.6 mL of pyrrole (chemical purity, CP) was added to 0.5 M FeCl~3~ (100 mL) solution with magnetic stirring at room temperature for 2 h to obtain PPy ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). After oxidation, PPy was filtered and washed repeatedly to neutral. The filtered products were dried immediately with vacuum drying at 80 °C for 12 h. Second, the prepared PPy and activating agent ZnCl~2~ (analytical reagents, AR) was mixed with the mass ratio 1:*x* (*x* = 1, 2, 3, 4) and grinded until well blended. Then, the mixture was directly carbonized at the temperature of 500--700 °C for 3 h with a heat addition of 5 °C/min in the N~2~ tube furnace. After cooling off, the carbonization products were washed with hydrochloric acid (5 wt %) and deionized water to neutral pH and lastly dried, defining as PPC-A-B (A refers to the mass ratio of PPy to ZnCl~2~ of 1:1, 1:2, 1:3, and 1:4; B means the carbonization temperature of 500, 600, and 700 °C).

![Synthetic Procedures of PPy](ao0c00461_0011){#sch1}

4.2. Characterizations {#sec4.2}
----------------------

The surface topography and microstructure of the adsorbents were observed with scanning electron microscopy (SEM, Hitachi SU8010, Japan) and high-resolution transmission electron microscopy (TEM, FEI Tecnai G^2^ 20 S-TWIN, U.S.A.). Fourier transform infrared spectroscopy (FTIR) spectra were measured on a Nicolet Nexus 470 spectrometer (U.S.A.) with a KBr pellet method. The X-ray photoelectron spectroscopy (XPS) was investigated with a Multilab 2000 spectrometer using an Al Kα excitation source. The XPS spectra were analyzed by XPS Peak 4.1 software based on a Shirley background type and fixed Lorentzian-Gaussian ratio of 80%. The crystal phase of products was conducted using X-ray diffraction (XRD) on a D8 Advance diffractometer (Germany). After degassing at 200 °C for 4 h, N~2~ ad-/desorption isotherms were measured with a JW-BK100C instrument at liquid N~2~ temperature (77 K). The specific surface areas (SSAs) were calculated by the Brunauer--Emmett--Teller (BET) model, while the pore size distribution was obtained from the Barrett--Joyner--Halenda (BJH), Horvath--Kawazoe (HK), and nonlocal density functional theory (NLDFT) models. Thermogravimetric analysis (TGA) and derivative thermogravity analysis (DTG) of samples were performed with a TG 209 F3 Tarsus (NETZSCH, Germany) from indoor temperature to 700 °C.

4.3. Adsorption Experiments {#sec4.3}
---------------------------

The static adsorption was conducted by dispersing 20.0 mg of PPC into 50 mL of toluene solution with initial concentrations (*C*~0~) of 6 g/L in paraffin liquid (CAS: 8012-95-1). Sample bottles were fixed in a shaker (SHZ-82A, Changzhou, China), operating at 318 K and 130 rpm for at least 24 h, and the blank group without the addition of PPC was carried out to prove that the decrease of toluene was not attributed to the adsorption on the glass bottle wall or evaporation loss but the adsorption of the PPC indeed. To investigate the adsorption isotherm and thermodynamics, 20.0 mg of adsorbents was added into 50 mL of toluene solution of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 g/L, and the water bath temperature was set as 298, 308, and 318 K. For kinetic studies, initial toluene concentrations of 6, 7, and 8 g/L were performed at specific time intervals from 0.5 to 48 h.

After centrifugation to obtain the supernatant, the concentrations of toluene were detected by ultraviolet--visible (UV--vis) absorption spectra on UV-2600 (Shimadzu, Japan) with a 2,2,4-trimethylpentane (blank) baseline and Lambert beer's law. The adsorption capacity of toluene (*Q*~e~, mg/g) was expressed aswhere *C*~0~ and *C*~e~ represent the initial and equilibrium toluene concentrations (g/L); *V* (L) and *m* (g) are the solution volume and adsorbent mass.

All absorbance data was detected continuously for at least three times, and only the mean value was reported with an accuracy of ±5%.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00461](https://pubs.acs.org/doi/10.1021/acsomega.0c00461?goto=supporting-info).Equations S1--S4: linear of Freundlich and Dubinin--Radusckevich adsorption isotherm models, pseudo-first-order and pseudo-second-order adsorption kinetic models; Figure S1: SEM images of PPC-3-500, PPC-0-600, and PPC-3-700; Figure S2: pore size distribution of samples calculated with NLDFT models; Figure S3: N~2~ adsorption/desorption isotherms of PPC-0-600; and Tables S1--S3: parameters of adsorption isotherm, kinetics, and thermodynamics ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00461/suppl_file/ao0c00461_si_001.pdf))
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